Abstract. For inertial fusion energy (IFE) generation, the giant laser facilities have been constructed in the several countries. The recent laser driver technology can achieve the output energy more than 1 M-J. In addition, the recent works shows the fast ignition can reduce the required energy for the laser fusion. This seems to realize the laser fusion, but the repetition rate is not so high for obtaining the practical laser fusion energy. The beam combination laser is a promising candidate as the laser fusion driver because it can operate at the high repetition rate and it is easily scalable. In this paper, we introduce the beam combination technique using stimulated Brillouin scattering phase conjugate mirrors (SBS-PCMs), which was already proposed and shows the recent theoretical and experimental results about the phase controlling which is essentially required for the beam combination laser using SBS-PCMs.
INTRODUCTION
The recent laser driver technology can achieve the output energy more than 1 M-J [1] . In addition, the recent works shows the fast ignition can reduce the required energy for the laser fusion [2] . However, the repetition rate of the current IFE drivers is very low to be ∼1 shot/hour. For achieving the practical laser fusion energy, the IFE driver needs the high repetition rate over 10 Hz [3] . Recently, several methods for developing a high power laser with a repetition rate over 10 Hz have been widely investigated by many researches such as a beam combination technique, a diode pumped laser system with gas cooling, an electron beam pumped gas laser, and a large sized ceramic Nd:YAG [3] [4] [5] . In particular, the beam combination method seems to be one of the most practical techniques for this application. In this paper, we introduce the beam combination technique using stimulated Brillouin scattering phase conjugate mirrors (SBS-PCMs) [4] , which was already proposed, and we show the recent theoretical and experimental results about the phase controlling which is essentially required for the beam combination laser using the SBS-PCMs.
BEAM COMBINATION LASER USING STIMULATED BRILLOUIN SCATTERING PHASE CONJUGATE MIRRORS (SBS-PCMS)
The beam combination laser has many advantages due to the small size of the gain medium, compared with the existing big laser. First, the repetition rate is high because the required cooling time of the amplifier is short. Second, the thermal distortion of the laser beam is small. Third, the existing common laser technology can be used. The laser only requires the small number of the big size optical components, implying that the construction cost is relatively cheap. lasers [4] . The lasers use the SBS-PCMs as a mirror due to their phase conjugation property [6] . Therefore, these laser systems are alignment insensitive. Also, the systems do not require high quality of the optical components except the polarizing components, because the optical distortions caused by the low quality optical components and induced by the amplifiers during the amplifications can be compensated by this system automatically. The beam combination laser is composed of the series of cross type amplifiers with the optical isolator using the SBS-PCMs [7] . The optical isolator is located in the right arm, which is composed of the SBS-PCM and a quarter wave plate (QW1 & SBS-PCM1). When the output beam of the oscillator is strong enough, the SBS-PCM almost reflects the laser beam to the post amplifier stage. On the other hand, when the energy of the leak beam generated from the post stage is lower than the SBS threshold, the leak beam cannot be reflected by the SBS-PCM. In addition the laser system employs the pre-pulse technique (PP1&PP2) for preserving the pulse form [8] . The pulse form is deformed by the SBS reflection due to the consumption of the front part of the wave energy for the formation of the acoustic grating and the extension of the interaction zone during the pulse propagation. We have found tha it is possible to keep the pulse form by using the pre-pulse technique [8] . Finally, the laser system requires the phase controller. Because SBS is initiated from the thermal noise, the reflected Stokes wave has the random phase [9] , implying that the recombined beams have the different phase. Therefore, it is required to make the phases of the reflected waves the same. We have demonstrated the simple and effective phase controlling technique using the entirely independent SBS-PCMs, where the self-generated density modulation is used [10] .
PHASE CONTROLLING OF SBS-PCMS
In previous works, the phase controlling was achieved by coupling the beams, which are the pump beams in overlapping case [11] , the pump beam and the Stokes beam in the back-seeding case [12] , and the multiple pump beams and the Stokes beam in Brillouin enhanced four wave mixing (BEFWM) case [13] . In these methods, however, the number of the beams for the beam combination laser is practically limited. Recently, we proposed and demonstrated experimentally that the phase control technique using a weak density modulation can fix the phase of the SBS waves [10] , which drives entirely independent PCMs without coupling the beams. For fixing the phase of the Stokes wave, the weak density modulation is induced due to electrostriction by an electro-magnetic standing wave, which arises from the interference between the main beam E p and its low intensity counter-propagating beam rE p , as shown in fig. 2(a) . The weak periodic density modulation works for fixing the ignition position of the acoustic wave. 
Experiments and results
We measured the relative phase difference = 1 − 2 between two Stokes beams where 1 and 2 denote the phases of two Stokes beams, respectively. A Q-switched 1064 nm Nd:YAG oscillator with a bandwidth of ∼120 MHz and ∼2% energy stability is used for the pump. The pulse width is 7-8 ns and the repetition rate is 10 Hz. The experimental setup of the SBS-PCMs is shown in fig. 2(b) , where the focused leading edge of the pump pulse encounters a part of the unfocused pump pulse, so that the weak density modulation by the electromagnetic standing wave is created in the focal area. The degree of the fluctuation of the relative phase difference between the SBS waves is quantitatively analyzed by measuring the movement of the peaks in the interference pattern. We have used Fluorinert FC-75 as a SBS medium [14] . Figure 3(a) shows the Fabry-Perot interferograms for the pump laser (left) and the SBS return from the SBS-PCM with the phase control technique (right). We have used the Fabry-Perot interferometer with the free spectral range of 5 GHz. The interferograms show that the backward SBS wave is reflected only by the acoustic wave, but the Bragg scattering by the density modulation is not generated because there is no overlapping between two interferograms, considering that the Brillouin frequency shift is 1.34 GHz for FC-75 [14] . The experimental investigation has been carried out for the cases of E 1 ∼ = 0.37E 2 , E 1 ∼ = 0.68E 2 , E 1 ∼ = E 2 , E 1 ∼ = 1.11E 2 , and E 1 ∼ = 1.45E 2 with E 2 ∼ =10 mJ, where E 1 and E 2 denote the energies of two sub-pump-beams, in order to investigate the phase stability of SBS waves on the intensity imbalance of two beams. Figure 3(b) shows the experimental results. Each point in fig. 3(b) - (a1) (a) (b) 
Theoretical analysis
The acoustic wave can be simply written as
We note that z 0 and t 0 vary randomly because the acoustic wave begins from a random acoustic noise. If the inital phase 0 of the acoustic wave is fixed, the phase of the reflected Stokes wave will be fixed because SBS is stimulated process among three waves; the pump wave, the Stokes wave and the acoustic wave. For fixing z 0 , we have induced a weak periodic density modulation inside the SBS-PCM, as shown in Figure 2 . Because the spatial period of the density modulation is approximately the same as that of the Brillouin grating, the weak density modulation can fix the ignition position z 0 of the acoustic wave, assuming that the anti-nodal points of the density modulation act as an ignition position. Now, we should know the initial time t 0 when the acoustic wave is generated. Let us assume that the critical time t c , in which SBS is excited, is determined by the SBS threshold E th = t c 0 P(t)dt, where E th and P(t) are the SBS threshold and the pump power. And we assume that t 0 will be equal to t c . We therefore expect that the critical time t c will change if the total energy of the pump pulse given byE 0 = ∞ 0 P(t)dt changes under a constant pulse width, implying that the initial phase of the acoustic wave is changed according to the energy fluctuation. Let us consider that a laser beam is divided into two sub-beams with the energies of E 1 and E 2 . Since 0 = qz 0 − t c (t 0 = t c ), we represent the change of the relative phase difference = 1 − 2 by the energy fluctuation E 1 and E 2 as
assuming that z 0 is fixed. We can calculate numerically for FC-75 used in the experiment, which has the SBS threshold of about 2 mJ for 10 ns pulse. Let us assume the pump pulse P(t) given by fluctuation seems to mainly arise from the change of initial position z 0 of the acoustic wave by the vibration of the mirrors because we assume that z 0 is fixed in the calculation. For over 10 mJ pump energy, increases rapidly unlike the theoretical plot. Now, we have investigated the reason that the larger fluctuations are generated for the high pump energy. Finally, fig. 4(b) shows the tolerance of the pump energy stability E 1 /E 1 for obtaining the phase stability of 1 = /100 for one sub-beam. For pumping energies of 0.01, 0.1, 1, and 10 J, the allowable tolerances are 0.30, 0.82, 1.87, and 4.12%, respectively. This calculation results show that the phase control technique using self-generated density modulation becomes more effective and practical as the pump energy increases.
CONCLUSION
An extremely high power/energy laser with the high repetition rate over 10 Hz is required for the IFE driver. For this driver, we have proposed the beam combination laser using the SBS-PCMs, which has many advantages because the size of the gain medium is small and the SBS-PCM has the phase conjugation property. Because the laser system has used the SBS-PCMs, the specific techniques are required such as the pre-pulse technique and the phase controlling technique. In particular, the phase control technique is essentially required. We have demonstrated experimentally that the phase control technique by a selfgenerated density modulation is effective and the phase of the Stokes wave is dependant on the pump energy. The theoretical analysis shows the phase control technique becomes more effective and practical as the pump energy increases. We expect that this phase control technique is suitable for developing the beam combined IFE driver with SBS-PCMs because it is done by use of the entirely independent SBS-PCMs.
